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4,413,593

COMBUSTION CONTROL BY
PRESTRATIFICATION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a eontlnuatmn -in-part of U.S. pa-

tent apphcatlon Ser. No. 163,898 filed June 27, 1980,
which was in turn, a continuation-in-part of Ser. No.
140,932 filed Apr. 16, 1980, now abandoned.

FIELD OF THE INVENTION

The present invention is directed generally to the
control of combustion in a spark ignition internal com-
bustion engine by the use of charge prestratification.
More specifically, the present invention is directed to
combustion control by exhaust gas prestratification of
the charge in the intake manifold of a naturally aspi-
rated or of a supercharged engine, whereby the pre-
stratified charge in the portion of the cylinder away
from the spark source is rendered much less apt to com-
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rating unleaded gasolines currently being refined. The
use of lower compression ratios has produced less effi-
cient engines, which have not been readily accepted by
the driving public. Furthermore, the increased refining
costs associated with the production of unleaded gaso-
line having a sufficiently high octane rating to perform
in currently available high compression engines, to-
gether with the increased costs of crude oil and its ques-
tionable availability, has substantially raised the price of
gasoline and has given added impetus to the search for
alternate fuels and to methods for using available fuel
more efficiently.

In response to the drive to reduce air pollution, the
present day conventional internal combustion engine
has been subjected to a number of restrictions which
have required the addition of “bolt on’” hardware,
which 1s aimed at reducing chemical pollutants pro-

- duced during operation. Devices such as catalytic con-

20

bust spontaneously, thereby eliminating knock or deto- |

nation. |

In accordance with the invention, exhaust gas or
other diluent gas is continuously or intermittently intro-
duced under pressure into the intake manifold of an
engine at a location generally adjacent the intake port of
a cylinder to selectively dilute the charge which is to be
inducted into the cylinder on the intake stroke. The
charge 1n the intake manifold may be supplied through
a compressor stage of a supercharger, and may be an
air-fuel mixture in the case of a carbureted engine, or in
the case of a fuel injected engine may be an air-fuel
mixture or air only, dependmg on the fuel injector loca-
tion. While the intake valve is closed, the gas dilutes the

portion of the charge which is located in the region of

the intake port to form a pocket of diluted charge adja-
cent the port and to prestratify the charge. Upon open-
ing of the intake valve, the accumulated diluted charge
1s admitted into the engine cylinder first and is followed
by the undiluted portion of the charge to produce a
stratified charge in the cylinder. The prestratification of
the charge in the intake manifold, and its maintenance
within the cylinder during compression allows the en-
gine to operate efficiently without ping or knock and to
operate on fuel having a substantially lower octane
rating than would be possible without the combustion
control by prestratification in accordance with the pres-
ent invention. | |

DESCRIPTION OF THE PRIOR ART

The efficiency of an internal combustion engine oper- |

ating on the Otto cycle is dependent, to a large degree,
on the compression ratio of the engine. However, as is
apparent to most automobile drivers, the use of low
octane fuel 1n a high compression engine produces what
is commonly calléd knock and ping. This knock can be
caused by the premature spontaneous combustion of a
portion of the charge in the cylinder of an engme and
can, if permitted to continue, destroy the engine.

Until relatively recently, the octane ratings of gas0-
line were increased by the addition of fuel additives
such as tetra-ethyl lead and the like to permlt their use
in high compression engines. Recent" pollutlon ‘contro}
requlrements have eliminated the use of such octane
improving additives, however, and the automotive in-
dustry has been required to rely on lower compression
ratio engines which will operate on the lower octane
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verters, air pumps, exhaust gas recirculation valves, and
the like, have been added to the basic engine. The in-
ventor herein has been active in the field of pollution
reduction for internal combustion engines and has sev-
eral patents directed to prestratification of engine
charges for this purpose. U.S. Pat. Nos. 4,104,989 and
4,135,481, both describe the introduction of a gas into

~ the intake manifold of an engine at a point between the

throttle valve and the intake valve. This gas acts to
prestratify the charge prior to its entry into the working
cylinder for the purpose of reducing the pollution emlt-

- ted by the engine.
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‘uniform dilution of the air-fuel mixture.

The prior art also teaches that exhaust gas recircula-
tion (EGR) may be applied to engines for pollution
control by introducing exhaust gases into the intake
manifold at a point directly below the throttle plate of
the carburetor. This exhaust gas recirculation causes
Such EGR
systems are disclosed in U.S. Pat. No. 3,625,189 to My-
ers, U.S. Pat. No. 3,809,039 to Alqgeust; U.S. Pat. No.
3,980,618 to Tange et al; and U.S. Pat. No. 3,941,105 to
Yagi et al.

Since pollution control remains an important factor in
internal combustion engine design, the expense of refin-
ing fuels having an octane rating sufficiently high to
permit use in high compression engines has led to a
reduced availability of such fuels, and has created a

~ serious problem for the users of these engines. The
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problem is particularly acute for users of aviation gaso-
line, which is becoming scarce in remote areas. Aircraft
engines, particularly those in smaller aircraft, are high
compression, and do not operate well on low octane

fuels. However, in many areas the only fuel available is

kerosene, which is suitable for jet aircraft engines but is
not usable in conventional internal combustion engines.
Although many attempts have been made to find a way
to operate conventional high compression engines on
low octane fuel, this has not been accompllshed SuUcCcess-
fully n the prior art.

With the present move toward lower displacement
engines in an attempt to conserve fuel, the problems
created by pollution control devices become acute, for
those control devices require a greater proportion of
the power output available from such engines than was
the case with larger engines. Thus, the need for smaller,
fuel-efficient engines is at variance with the desire to
control pollution. Attempts have been made to restore
some of the lost power from these smaller engines
through the use of engine superchargers, which func-
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tion to increase the pressure within the engine cylinder.
However, such devices do not solve the problem caused
by low octane fuel, and in fact add to that problem,
since the high pressures produced in the engine can
contribute to detonation, or knock. -

Thus, the current state of the art of Spark lgnltlon
internal combustion engines is restricted by the interac-

tion of octane ratings of the fuel avallable and the limit

this rating places on compression ratios which will
accept this fuel without knock. Increased fuel combus-

tion efficiencies require increased compression ratios,
and could be helped by supercharging, but limitations
on the octane rating of the fuels which can reasonably
be refined place an upper limit on compression ratios.

10

Alternate fuels, such as coal, oil, or kerosene, are of 15

such a low octane rating that they cannot be used in the
internal combustion engines currently available. Ac-
cordingly, a solution 1s sought which will allow the use
of currently available gasoline 1n higher compression
ratio naturally aspirated or supercharged engines, or
which will allow the use of low octane fuels, which
could be produced from domestic resources such as
coal or oil shale, in engines currently in use or being
produced.

SUMMARY OF THE INVENTION

It is an object of the present invention to control
combustion in a spark ignition internal combustion
(1.C.) engine.

Another object of the present invention is to control
combustion in a naturally aspirated or in a supercharged
engine by prestratlﬁcatlon of a charge prior to 1ts deliv-
ery to an engine cylinder.

A further object of the present invention 1s to utilize
exhaust gas to prestratify a charge prior to introduction
of the charge into an engine cylinder, thereby to obtain
a controlled combustion within the cylinder.

Yet another object of the present invention is to im-
prove the efficiency of an I.C. engine by charge pre-
stratification and by maintenance of such prestratifica-
tion during charge compression. '

Still a further object of the invention is S to reduce the
octane rating of the fuel required by an I.C. engine
through charge prestratification.

It 1s also an ob_]ect of the present invention to inhibit
knock or ping in a supercharged 1.C. engine through
combustion control by charge prestratification.

As will be discussed in greater detail hereinafter in
the description of the preferred embodiments, combus-
tion control in a naturally aspirated or in a supercharged
spark ignition internal combustion engine is accom-
plished in accordance with the subject invention by
prestratification of the charge to the cylinder. This
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prestratification is accomplished by the introduction of 55

diluent exhaust gas into the intake manifold at a point
adjacent the intake valve. While this valve is closed, the
exhaust gas accumulates in the region of the intake port,
and dilutes the portion of the charge in the manifold.
Upon opening of the intake valve, this is the first por-
tion of the charge inducted into the cylinder. The re-
maining portion of the charge is then inducted through
the intake manifold to complete the charge, and the
charge is compressed and ignited. The charge thus is

60

stratified in the intake manifold by the introduction of 65

the exhaust gas or other diluent prior to its induction
into the cylinder, and remains essentially stratified in the
cylinder during compression and combustion.

4

The diluted portion of the charge, containing the
exhaust gas, flows into the cylinder first, and 1s depos-
ited at a location furthest away from the spark plug,
generally adjacent the piston. This portion of the com-
bustion chamber usually contains the end gases which
are the most subject to incipient detonation or knock.
By using prestratification with exhaust gas or other
diluent, the combustible gases are prevented from bur-

‘ing until the flame front created by the spark ignition

reaches them, and the tendency of the engine to knock
is eliminated or substantially reduced.

As was discussed previously, since efficiency is re-
lated to compression ratio, and since higher compres-
sion ratios provoke knock, reduction of the octane rat-

ing of available fuel has created a serious problem in
“existing engines. However, the combustion control by
- prestratification, in accordance with the present inven-

tion, permits two interrelated solutions to this problem.
First, by use of the invention, the compression ratio of
an engine can be increased while still operating on avail-

‘able octane rating gasoline. Since the engine efficiency

is increased, the result is better utilization of the fuel.
Second, and alternatively, with the invention the com-
pression ratio of the engine is not altered, but the octane
requirement of the fuel used in the engine is substan-
tially reduced. Thus, a low octane fuel, such as kerosene

~or coal oil, can be utilized in a readily available engine

which has been fitted with the charge prestratification
of the present invention. Since domestic supplies of coal

‘and oil-bearing shale are large, the application of com-

bustion control by prestratification, in accordance with
the present invention, would result 1n a significant re-
duction on the dependence on other than domestic
energy sources.

In brief, then, in a preferred form the present inven-
tion 1s directed to a method of controlling incipient
detonation and increasing the efficiency of combustion
in an internal combustion engine by prestratification of
the charge 1n such a way that a low octane fuel may be
used in an engine having a compression ratio which
exceeds the “permissible compression ratio’ of the fuel.
This 1s accomplished in a carbureted engine by supply-
ing a fuel-air mixture to the intake manifold of the en-
gine at a first pressure, the fuel having an octane rating
which would normally not be operable in the engine
without incipient detonation. A diluting gas, such as
recirculated exhaust gas, 1s fed to the intake manifold at
a location near the intake port, or intake valve, of the
engine. This diluting gas is at a second pressure higher
than the pressure of the fuel-air mixture, so as to dilute
the fuel-air mixture in the region of the intake port.
With the intake port closed, a pocket of diluted fuel-air
mixture is formed which, with the undiluted fuel-air
mixture in the portion of the intake manifold remote
from the intake port, produces a prestratlﬁed charge for
the engine.

When the intake valve Opens the prestratified charge

is fed into the cylinder during the intake stroke. The

diluted portion of the charge enters first and is located
near the face of the piston. The undiluted portion of the
charge follows, and ccmpletes the cylinder charge, but

‘the stratification remains intact.

Ignition occurs after closure of the intake valve and
after the compression stroke, producing a flame front
which moves through the cylinder, from the spark plug

toward the diluted portion of the charge (or end gas).
Because of the dilution of the end gas, it will burn only

~when the flame front reaches it, thus preventing the
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premature ignition due to the pressure rise caused. by
the advancing flame front that is the usual characteristic
of low-octane fuels, and thereby preventing the incipi-
ent detonatton associated with the use of these low-
octane fuels. . - ~ -

The same pr1n01ple may be applled to fuel- mjected
engines, wherein .the fuel is injected into the intake
mantifold, usually near the intake port, when reqmred

In this case, the undiluted. portion of the charge may 10

simply be air, and the diluted portion may be an air-
exhaust gas mixture, with the fuel being added to the
charge as needed while it is bemg 1ndueted into the
cylinder. |

The prestratification descrlbed above 1is appllcable
not only to normally aspirated engines but to super-
charged englnes as well. Superchargmg involves the
compression of the incoming air or air-fuel mixture to a
level above ambient pressure to increase the volumetric
efficiency of an I.C. engine and thus to increase its
output power. The principal types of superchargers are
internal gear-drwen or belt driven type which are
driven by the ‘engine crankshaft, and the external ex-
haust gas turbine-driven type, or turbocharger: The
present invention will be described herein in terms of its
application to either a naturally aspirated engine ‘or a
turbocharged engine, but it will be understood that such

descriptions are not limiting, but are for purposes of
illustration only.

Although the present dlselesure refers to the pre-

stratification process in terms of the pressure of the
normal portion of the charge with respect to the pres-
sure of the diluent supplied to the diluted portion, it-will
be understood that this is for convenience in describing
the relative quantities of the diluted and undiluted
charge, and that other measures of quantity, such as the
relative volumes of the respective charge portions,
could be used. It should also be noted that the diluent
gas may be supplied continuously or intermittently. If
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the former, then a portion of diluent gas will also be 40

added to the normal portion of the charge, although not
In the amount supplied to the diluted portion, and not in
sufficient quantity to adversly affect the combustibility
of the normal portion of the charge.

Combustion control by prestratification has the im-
mediate effect of eliminating the knock or ping in-pres-
ent spark ignition engines which is due to incipient
detonation. More importantly, combustion control by
prestratification allows an increase in engine compres-
sion ratios and hence efficiency without increasing the
octane rating requirements of the engine, thus more
effectively utilizes existing fuels. Additionally, by elimi-
nating knock, the present invention will allow the utili-
zation of domestically available fuels, such as coal oil or
kerosene, in presently produced engines, thereby reduc-
ing dependence on foreign oil supplies and reducing
refining costs.

BRIEF DESCRIPTION OF THE DRAWINGS

While the patentable features of the control of com-
bustion by prestratification are set forth with particular-
ity in the appended claims, a full and complete under-
standing of the foregoing objects; features, and advan-
tages of the invention‘may be had by referring to ‘the
description of the preferred embodiments thereof as set

forth hereinafter dnid to the accompanymg drawmgs In
which:
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. FIG. 1 1s a schematic view, partly in section, of an
engine employing combustion control by prestratifica-

tion in accordance with the present invention;

- FIG. 2 is a schematic view, partly in section, of a
turbocharged engine wherein exhaust gas downstream
of the turbocharger is supplied to the engine intake

'through a stage of the turbocharger and

FIG. 3 is a schematic view, partly in section, of a
turboeharged engine wherein exhaust gas is supplied

directly to the engine intake from the engine exhaust
eutlet

DESCRIPTION OF PREFERRED
| EMBODIMENTS

.. In 1nternal combustion engines, the charaeterlstlcs of
fuel combustion dictate many of the operating parame-
ters and these parameters can be affected by mixing fuel
additives such as tetra-ethyl lead for control of knock,

the use of special fuel blends for winter and summer or

for geographic location, and the like. Other factors,
involving the mechanical structure of the engine, also
strongly affect the operational characteristics, but un-
like the use of various additives and blends of fuel, these
features are not easily changed to meet varying needs.
Therefore, as the octane rating of available fuel changes
due to shortages, or to cost, it becomes more difficult to
maintain the desired level of operation in existing en-
gines. In accordance with the present invention, how-
ever, the problem of varying fuel characteristics is OVer-

come by the dilution of the air-fuel mixture with air,

exhaust gas, or other diluent gases in such a way as to
obtain a stratified charge within the engine combustion
chambers.

In considering the effectiveness of the stratification
process herein disclosed, it should first be understood
that two compression ratios characterize any given fuel
and dictate its usefulness in engine applications. The
first 1s the *“critical compression ratio”, or C.C.R.,
which is the minimum compression ratio necessary for
the air-fuel mixture to burn spontaneously. For 60 oc-

‘tane gasoline, the C.C.R. is about 11 and for 80 octane

gasoline about 14. For methane the C.C.R. is greater
than 15 while for kerosene the C.C.R. is about 7.5. In
spark ignition engines, the second compression ratio of
interest is the “permissible compression ratio”, or
P.C.R,, (sometimes referred to as the “highest useful
compression ratio”” or H.U.C.R.), which for a given fuel
1s limited by the onset of “knock”, or uncontrolled
combustion leading to an undesirable pressure rise rate,
this rate being sufficiently fast to generate a noise de-
scribed as a “ping” and labelled “incipient detonation”.
The P.C.R. is always lower than the C.C.R. and limits
the compression ratio of the engine operating with that
fuel. Engine efficiency is determined by the compres-

sion ratio. For the ideal Otto cycle, the efficiency

p=1——
(CRy?—!

where 7y is the ratio of the specific heat at constant
pressure Cp to that at constant volume C,, y=C,/C,.
Limitation of the compression ratio, and thus of engine

efficiency, is not desirable. The P.C.R. depends on a
- multitude of opérating parameters but present day gaso-

line has a P.C:R. of 8, kerosene a P.C.R. of 5, and meth-

~ane a P.C.R.'of 8. If an engine could be operated at its
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C.C.R. rather than its P.C.R,, an mcrease in efficiency

would result.

The P.C.R. is less than the C.C.R. since the last gases
to be burned (end gas) by the flame front initiated by the
ignition source (spark plug) are compressed not only by
the piston during the compression stroke of the engine

but also by expanding gases that have burned on passing
through the flame front prior to the arrival of the flame
front at the end gas. This occurs because the rate of

propagation of the flame front, which i1s determined by
temperature gradients, heat conductivity, and heat ca-
pacity in the flame front, is less than one-tenth the speed
of sound in the gas, which determines the rate at which
pressure is equalized. The combustion process across
the flame front is essentially one of constant pressure,
and the pressure rises uniformly throughout the com-

10

15

bustion chamber as the flame front advances into the

unburned mixture. The gas ahead of the flame front is
compressed isentropically by the piston motion and also
by the gas engulfed in the advancing flame front so that
the end gases, which are subjected to the greatest pres-
sure and temperature rises before combustion and dur-

20

ing the engine cycle, will be the first to self-ignite. As

the compression ratio of the engine is increased, the
likelihood of self-ignition of the end gases increases:
Thus, if the end gas temperature can be reduced by
selective dilution so as to prevent premature self-igni-
tion, “knock” will be controlled. and more efﬁment
engines made possible.

To discuss the process quantltatwely, certain proper-
ties of engines operating on the ideal Otto cycle will be
derived. Consider an advancing flame front progressing

into unburned gases, b, behind which are burned gases,
a.

flame front

—>

burned unburned

The internal energy U is made up of Uy and U and if
one assumes perfect gases so Uy,=M,C, T, where M, 1s
the mass of a and T, i1s the temperature of a, then

U:: UH'—I’" Ub:MngTﬂ‘I‘MbCpr.

Since the pressure P is uniform throughout the cham-
ber, P,=Py=P where

M,RT,
Va

MpR T}

Pa= Vb

and Py =

and the volume V 1s V=V ,=V}, so

(1)

P,V PpVy C
U=Cp[ ‘?Rﬂ R :I = P [PaVa + PpV)
C C (2)
U=——P(Va+ Vp) = —f— PV.

where R is the gas constant. In the ideal cycle it is
assumed that heat is added at constant volume, so that
the flame front traverses the gas while the piston is
essentially at top dead center (T.D.C.). From the first
law of thermodynamics, Q=AU+ 0W where Q is the
total heat added and 6W is the work done. Since
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OW=pdV =0, then Q=AU=(C,/R) VAp, using the
expression for U above. |

Thus the pressure rise depends only on the heat

added when V is constant. This result can be extended

to include multiple gases, rates of heat release, or layers

with varying composition and in all cases the result is

the same. Because the pressure rises uniformly in the
chamber, the pressure rise is always proportional to the

heat released at constant volume. Since the cycle work
W is the efficiency 7 multiplied by the heat added Q
from burning the fuel, and since the efficiency depends
only on the compression ratio CR, then for a given
work or engine power output the heat added should
always be the same overall regardless of the details of
the combustion process or processes in this tdealized
case of heat addition at T.D.C. Therefore, the total
pressure rise Ap due to combustion should also be the
same.

The pressure rise experienced by the very last end
gas, which is the pressure rise due to the compression
stroke plus the pressure rise due to the advancing flame
front, can be calculated. If the end gas temperature is
Te, and P.is the pressure at the end of the compression
stroke, and if P, is the inlet or manifold pressure and T,
the inlet temperature, then

y—1

il

Using the previously derived relation between heat
added and pressure rise for complete combustion,

where Q is the total heat added, and q is the heating
value of the fuel per unit mass,

(3)
T,

T

Pe 4+ AP
Py

. ' heating value
O = fuel mass (fuel mass) =

F Cy F
{ngg}Tq =R VﬂP(I +?)

where V, is the engine cylinder volume, p, the intake
density, and F/A the fuel-air ratio. Since CR=(V,/V)
and P,=p,RT,, then

X

(4)
P {r V!’J

RT,

R

Vo F

AP = —'("—')‘—( CoT, j Py

&

The C, used here for combustion should be about

BTU
Lb. °R.

C, = 0.25

The heating value of hydrocarbon fuels i1s about

18000 BTU/Ib. and the air-fuel ratio at equivalence

ratio =1 is about 15 (A/F=15) so that q, or heat

released on combustionper. pound of fuel is 18000
BTU/1b. and
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S MS——— *R. =
Cal + A/F) = 4500° R. = AT,

where AT,is the temperature change in the combustion
chamber on constant volume combustion. If we arbi-
tratily choose T, equal to 80° F. or 540° R, then

LR :'(5)

18000
16 Fo

AP = 0.25) (540)

= (CR) (8.33) P,

The above derived formulas can now be utilized 1n a
specific example. Consider an engine which operates on
kerosene at a compression ratio of 5 and a manifold or
inlet pressure (assuming no charge dilution from the
previous cycle) of P,, then using AP=(CR) (8.33)P,
yields a AP of 41.67P, and using

Ie
Ty

(

If y=1.4 then To/T,=3.08 or T,=1662° R=1202° F.,
since T, was assumed to be 80° or 540° R. |

For the same engine, operating on kerosene at a com-
pression ratio of CR*, but changing P, to P,* by means
of exhaust gas dilution, while keeping the same T,, T,,
W and V, for the same knock performance at the same
power, then:

"}r—l

y—1
Te
= [(CR)Y + 41.67] 7

) T_ yields

Pe
Po

AP
+ P,

To

| (7
W = ‘7"IQ e H*Q* or nPﬂ(-E-) - ntpﬂ* (%) %
and
P.*
P* = (CR*)Y
50
o -
CR*q/C,T, | Y
(CR%Y + —%ﬁ—-— = 3.08
4 7 Py | | -
F 7 P, +
From the foregoing it is seen that
(8)
P* ( 13333 CR*__ 1)
P, % o+ \ 3128 — (CRY) Fye14

Where P,* is the intake manifold pressure that should
be achieved by selective dilution of the charge for pre-
stratification to obtain the same power and knock per-
formance (i.e., the same temperature of the end gas) for
different chosen compression.ratios, CR*. Thus with
the same knock restriction the engine can be operated at
a higher CR, and thus with higher efficiency, if P,*/P,

exhaust gas dilution, the following compression ratios

are attainable with the resulting efficiencies n* for kero-

sene with A/F=15:

~ (6)
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TABLEI
~ P,*/P, CR* n*
1 5 0.47
1.21 6 0.51
1.46 7 0.54
- 1.76 8 0.56

These results indicate that by increasing the intake
manifold pressure to a level above that of a convention-
ally aspirated engine by the addition of recirculated
exhaust gas or other diluent gases to the intake manifold
so that the ratio P,*/P,1s increased to 1.76 a fuel such as
kerosene can be used in an engine havng a compression

-ratio of 8 and with a resulting engine efficiency of 0.56,

whereas previously such a fuel could only be operated
in an engine having a compression ratio of 5. Thus, the
addition of exhaust gas to cause dilution of the end gases
and to thereby control combustion and ¢liminate or
severely inhibit knock will allow the use of a fuel such
as kerosene having a P.C.R. of 5 to be used in an engine
having a compression ratio of 8 if sufficient exhaust gas
dilution in the form of charge prestratification is applied
to increase the intake manifold pressure to about twice
its conventional level.

The ratio of manifold pressures P,*/P, is utilized 1n
this calculation as it is a readily detectable indication of
the amount of exhaust gas being added to the charge but
the amount of diluent added could be determined in
other ways, for example by measurement of, and con-
trol of, the volume of diluent gas added to the charge. It
should be remembered that the diluent gas 1s used to
control combustion by prestratification so that the
charge introduced into the cylinder is added in a strati-
fied configuration.

Utilizing the same formulas as discussed above for

gasoline which will operate in a conventional engine

having a compression ratio of 8 when P,* is equal to P,,
yields the following:

Ap=66.67 P,

(Te/Tp)=3.56 or T,=1922° R or 1462° F.

By raising the ratio P,*/P, through the addition of
exhaust gas prestratification to the intake manifold, the
following values can be calculated:

TABLE II
Pﬂ*/Pﬂ CR* 'T,l*
1 - g 0.56
1.76 | 12 0.63
16 0.67

3.22

These calculations indicate that by prestratification
through the addition of exhaust gas to the intake mani-
fold, the gasoline could be burned in an engine with a
compression ratio approaching 16 if the manifold intake
pressure were tripled by the addition of sufficient ex-
haust gas diluent. This compression ratio, and hence the

efficiencies of diesel engines, can thus be obtained from

a spark ignition internal combustion engine through the
control of combustion by prestratification caused by the
addition of exhaust gas to the intake manifold in a suffi-

~ cient amount and at the proper location.
is made larger than 1. For example, for various ratios of g5

To verify the above calculations, tests were run on a

258 cubic inch American Motors Corporation 6-cylin-
- der engine having a compression ratio of 8. Recircu-

lated exhaust gas was utilized to prestratify the charge
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before it entered the combustion chamber m such a shown). A spark plug 20 is secured 1n the upper portion
manner that the end gases, which in this engine are of the cylinder and functions in a conventional manner
those closest to the piston head and farthest away from to ignite a charge of fuel and combustible gas com-
the spark plug, recetved the portion of the charge pressed in the cylinder 12 by reciprocation of the piston
which had been diluted by the exhaust gas. Ordinarily, 5 14. It will be understood that the disclosed engine oper-
increasing the intake manifold pressure with exhaust gas ates on the well known Otto cycle.

for conventional EGR pollution control 1s restricted to The charge is fed into the cylinder 13 through an
about a 10% increase. However, it has been found that intake manifold 22. This charge may, for example, be air
because unburned gas 1n the combustion chamber 1s and fuel mixed in a conventional carburetor 24 secured
preheated by the flame front, as described above, its 10 to the mntake manifold or may be air into which fuel is
tolerance for exhaust gas is increased, and the pre- injected at a suitable location, such as adjacent the in-
stratification of the present invention can be used to take valve, the particular manner in which the fuel and
make P,*/P, much greater than 1.10. | air are mixed not being a part of this invention. An

With the timing set at 10° before top dead center, the_ intake valve 25 1s mounted m the intake manifold and
engine was run using kerosene, Jet A, JP-4, etc. as a 15 has a valve head 27 which cooperates with an intake

fuel. The octane rating for this fuel is quite low, gener- port 28 in the top of cylinder 12 to control the flow of
ally in the range of 40, so that the permissible compres- combustion materials into cylinder 12 from intake mani-
sion ratio (P.C.R.) for kerosene in a conventional engine fold 22 in a conventional manner. An exhaust valve 30
1s in the range of 3.3 to 3.5. - is also provided in the cylinder and opens to allow a

By using combustion control by prestratification with 20 flow of combustion products in the form of exhaust
exhaust gas the following readings were noted. The away from the cylinder through an exhaust manifold 32.
conventional values using gasoline and no prestratifica- The above-described engine normally operates with
tion are shown in parenthesis. , gasoline and air, and the fuel and air mixture usually is

~ supplied at a ratio of about 1 to 15.
25 It will be understood that the working gas used in the

Manif:,?f;;ssum - | present invention is generally air, and for convenience
Speed Inches of Mercury M. P.G. P,*/P, the mixture supplied in this embodiment by the carbure-
75 MPH 75.5 (14.5) 26 (24) T tor will .be referred_ to as a fuel-air mixture, but' any
50 MPH 24 (16.5) 24 21) 145 combustion supporting gas can be used. In addition,

30 while only one cylinder has been set forth, 1t will be
understood that this is only for purposes of illustration
and that the engine may well have a number of similar
cylinders all of the same general configuration and all in
communication with the above-disclosed or similar

‘intake and exhaust manifolds 22 and 32, respectively,
and with the carburetor 24.

As discussed above and as illustrated in FIG. 1, com-
bustion control by prestratification i1s accomplished in
the present invention by means of a diluent gas which 1s

40 supplied to the intake manifold adjacent the intake

valve port 28. While the diluent gas will, for conve-

nience, be described and hereafter referred to as exhaust
gas, it will be understood that dilution of the charge for
prestratification can be accomplished by other gases,
such as air. Dilution 1s accomplished, in the disclosed
embodiment of the invention, by feeding a portion of
the exhaust gases in the exhaust manifold 32 through an
exhaust gas recirculation line 40 to an exhaust gas pre-

The engine was observed to run smoothly and quietly
at 25 MPH with no audible indication of ping or knock.
The ratio of P,*/P,compares with the calculated values
set forth previously in Table I for Kerosene. At speeds ;.
above 50 MPH the onset of knock could be detected.
This was explained by the fact that at this speed the
ratio of P,*/P, was reduced to 1.45, thus indicating the
availability of less exhaust gas diluent for charge pre-
stratification, and from Table I it can be seen that such
a ratio requires a lower compression engine. This test
demonstrated that a conventional gasoline engine can
be caused to operate satisfactorily on kerosene, or other
low octane fuels, by the use of combustion control by
prestratification with exhaust gas in accordance with 45
the present invention. The above considerations can be
made generally for any desired set of parameters giving

Pt __twer_r_ CR@G) Y
Py N*A/FYpcr (PCR)_(-,:?T 1 + (PCR)Y — (CR%Y
vV A .
F )PCR
Referring now to FIG. 1, there is illustrated a first
embodiment of a spark ignition internal combustion stratification port or nozzle 42. If desired, additional
engine 10 utilizing prestratification by exhaust gas for exhaust gas may be fed to a conventional exhaust gas
combustion control to eliminate knock or incipient det- recirculation system through an E.G.R. port 44 adja-
onation in accordance with the present invention. FIG. 60 cent the throttle vave of carburetor 24.
1 is a schematic illustration of only a portion of one ~  As may be seen in FIG. 1, the exhaust gas prestratifi-
cylinder of the engine, and it will be understood that cation nozzle 42 extends into the intake manifold at a
this engine is generally conventional in structure except point generally adjacent the intake valve 25, near the
for the prestratification feature of the invention. . intake port 28. In a preferred embodiment, the pre-
Engine 10 includes a cylinder 12 in which is carried a 65 stratification nozzle 42 is so positioned that it will be
reciprocating piston 14. Piston 14 carries known com-  angled with respect to a lower surface portion 50 of the
pression sealing rings 16 and transmits.power.througha  intake manifold where a layer of liquid fuel tends to

connecting rod 18 to the crankshaft of the engine (not form. This positioning of port 42 allows the recirculated
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hot exhaust gas to vaporize any such accumulation of
fuel in the manifold.

The size of the exhaust gas prestratification nozzle 42,
and thus the rate of flow of exhaust gas, as well as its

exact location will vary with engine configuration,. The

size is selected in accordance with the amount of ex-
haust gas prestratification desired and the increase in
intake manifold pressure needed for combustion con-
trol. The intake manifold pressure is normally governed

by the carburetor throttle plate, by the manifold con-

struction and by the design of any supercharging equip-
ment used, and the fuel-air mixture normally is carried
in the manifold at a given first pressure. By the addition
of exhaust gas diluent at a second pressure which is
higher than the first pressure, the net pressure in the
imntake manifold will be increased. As discussed previ-
ously, the ratio of the first and second pressures is an
indication of the amount of exhaust gas for prestratifica-
tion being used for combustion control.

In operation of the prestratification system illustrated
in FIG. 1, after the intake valve 25 has closed a quantity
of the fuel-air mixture from the carburetor remains
stationary in the intake manifold. Exhaust gas is fed
through the nozzle 42 from the exhaust manifold 32 and

is injected into the intake manifold to dilute any fuel-air-

mixture remaining in the portion of the intake manifold
22 which is near the now-closed intake valve 25. As
discussed previously, the exact amount and pressure of
the exhaust gas used for this charge prestratlﬁcatlon
will vary, depending on engine eonﬁguratlon and the
fuel being used. The injected exhaust gas vaporizes a
portion of the liquid fuel on the lower surface 30 of the
manifold and, in addition, creates a pocket. or region
adjacent the intake valve in which the fuel-air mixture is
diluted by the exhaust gas, the remaining portion of the
fuel-air mixture in the intake manifold being substan-
tially undiluted. This pocket of diluted fuel-air mixture
cooperates with the undiluted mixture to produce a
prestratification of the charge which is to be delivered
to the cylinder when the intake valve opens.

As the intake valve 25 opens and piston 14 travels
downwardly on 1ts intake stroke, the gaseous mixture in
the intake manifold starts to flow into the cylmder, and
the pocket of mixed fuel, air and exhaust is drawn into
the cylinder. This diluted mixture forms the first portion
of the cylinder charge, which occupies the region of the
cylinder 12 farthest from spark plug 20, generally in the
region of piston 14. The second portion of the charge,
which immediately follows the first portion, is formed

by the substantially undiluted fuel-air mixture drawn

from the carburetor, and this second portion occupies
the remainder of the cylinder. It will be noted that the
fuel-air mixture from the carburetor which forms the
second portion of the charge 1s drawn past the pre-
stratification nozzle 42, and thus will receive some dilu-
ent gas, in an amount which is allowed for in the design
of port 44 and/or nozzle 42. This substantially undiluted
portion of the charge enters the cylinder and is located
in the portion thereof which is closer to the spark plug
20. After the intake valve closes the charge in the ey]m-
der remains generally in the prestratified condition in
which it was admitted to the cyllnder during the com-
pression stroke of the piston.

Upon ignition by the spark plug, a flame front is
created in the charge adjacent the plug and moves sub-
stantially uniformly o‘utwardly As was discussed previ-
ously, the eompi‘essmﬁ stroke of the piston together
with combustion of the charge in the cylinder causes a
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pressure rise in the yet unburned portions of the charge
in the cylinder which, with fuels having a relatively low
octane rating, would normally cause incipient detona-

‘tion of the end gases; i.e. of the portion of the charge
located in the region of the cylinder furthest away from

the spark plug. However, because of the dilution of the
end gases by prestratification, these gases will not sup-
port combustion in the absence of a flame, and thus they
will not tend to detonate under the increased pressure

‘created by the' flame front and by the compression
;Istroke of the eylmder Accordingly, incipient detona-

tion, or knock, is prevented and the complete charge
combusts properly.

After combustion, the exhaust valve 30 is opened and

the combustion products are exhausted, a portion of

these exhaust gases being returned to the intake mani-
fold adjacent the intake valve 25 through the exhaust

gas prestratlﬁcatmn port 42 and the remainder of the

exhaust gases'passing into the atmosphere
As indicated:above, the compression ratio CR that

-can be used with a specified fuel can be described in

terms of the total pressure rise Ap which occurs due to
the compression stroke of the engine, thereby providing
a “‘total pressure rise” factor Ry, where

P, + AP
Rk_T:OF[AP]maxERkPa“Pc

and where P, 1s the intake manifold pressure and P, is

the pressure in the cylinder at the end of the compres-
sion stroke. If it is then desired to supercharge the en-
gine, ‘as by the addition of a turbocharger of the type
schematically illustrated in FIGS. 2 and 3, the pressure
within the cylinder will be changed. If the pressure rise
across the compressor of the turbocharger is 75, then

(10)
(11)

CLote ,[.ﬁP]fHax. = RiPp — Pe = RkP”~“.. WS(CR)T}.:’” o

(CR[MP @
- l.+ A/Py  CTyy

Where (A/F)ar1s the minimum air fuel ratio allowed so
that [AP]max is not exceeded, and MP is the manifold
pressure.

Since MP=m;P,, Qr1s BTU per 1b. of fuel (heating

value), C, is the specific heat at constant volume, and
T 18

12
Or o

CyTy

) ,JTSI/?

Ry — w(CR)Y

(CR) (

+(#),

The total pressure rise factor R; can be determined
for a given fuel by measuring its permissible compres-
sion ratio (P.C.R.). For a given Ry, the compression
ratio (CR), pressure rise 7sacross the turbocharger, and
the air-to-fuel ratio A/F are restricted by the relation-
ship (12) given above. For a given spark ignition engine,
the permisstble A/F ratio i1s usually known, and 1s deter-
mined by the spark plug ignition characteristics. Thus,
s determines the maximum permissible compression
ratio CR for the particular fuel being used, and deter-
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mines the maximum work done, or power, if the engine
speed is known. Accordingly:

0 (13)
i -

v () om

Ve A/F)a

A convenient parameter for use in comparing engine
- is the “mean effective pressure” (M.E.P.), which 1s
defined as the pressure that, when multiplied by the
‘piston displacement, gives the work W. That is:

| (14}
(MEP) (Vp — V) = W = (MEP)V,;,(] -—p-,‘;:-)

D

10

15

where Vjis the initial volume of the cylinder and V.is -

the volume remaining after the compression stroke, at
top dead center. The foregoing formula may also be
stated as follows: | |

(15)

W | - CR — 1
75 (M.E.P) (I — ﬁ_) = (MEP)T
so that |
o ' (16)
/i CR
"7( RTm ) (CR-—; ) IMP]

If the engine is turbocharged, it exhausts into a back
pressure created by the turbine; however, the pressure
supplied by the turbocharger compressor pushes on the
piston during the intake stroke to produce additional
work from the engine. The ideal turbine inlet tempera-
ture T, is the same as the engine “outlet” temperature
T at the engine exhaust valve, even if the outlet pres-
sure is throttled (constant enthalpy), so that:

Ry I

s

Pe (17)

P6 _ (CR)Y

In the ideal case the turbine work must equal the com-

pressor work:
Ti—=Tx=Tp—T,, (18)

where Ty is the temperature of the exhaust gases leaving
the turbine. Therefore:

Tx = Ty + Tp ~ Ty, (19)

v—1 (20)
Tp = Toms 7 |
and
| Y | | (21)
T, \5=T _
Wy = Tx

where 7, is the pressure ratio across the turbine.
Accordingly:
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, RuT, y—1 (22)
Ty = Top — Tomre 7
b o ﬂsl‘{y(CR)y + 0 o s
and:
Y i23)
Ry v-T
ws!/Y(CR)Y
Ty =
Ry il
— o] ] — T Y
7?'51/7(CR)T
The extra work We L due to turbocharging is thus:
We = pomrs — m) (Vo — Vo) (24)
= (M.EP), (Vs — Vo) (25)

Accordingly, the total M.E.P. for the turbocharged

engine 1s:

(M.E.P);={(M.E.P. +(ms— m)}P, (26)
That is, M.E.P.,1s the turbocharged engine M.E.P. for
comparison purposes.

But in a turbocharged engine, the engine work is
increased for the same heat Q, since the turbocharger
makes use of the waste heat from the engine. Thus, the
engine efficiency 7. is greater:

(M.E.P.),
Me=MN""MEP

(27)

Considering the case of a presént day unleaded gaso-

line, where R;=85, for example, and selecting
Te=540°R;
o _2BTU
Cy = 0.25 BTU/Ib. ‘R R = 55—
and Qy=18,000 BTU/Ib., then:
| 28
y 133.33 (CRYms!/Y 1 (28)
F )y 8 —m(CR)
(29)
CR 1/
483.337 (?ﬁ) ws /Y
ME.R — Pg
(%),
F Ju
Y (30)
_ 83 y—T
T = | ————
| 85 — wCRY + mws!/YCRY

From the foregoing it will be seen that since the 1n-
creased efficiency of a turbocharged engine i1s propor-
tional to its increased mean effective pressure over the
standard MEP of a naturally aspirated engine, and the

- other parameters of the engine are similarly propor-

05

tional, then a stratified charge combination control is
applicable to turbocharged (and other supercharged)
engines as well as naturally aspirated engines. The ap-
plication of prestratification to a turbocharged engine 1s
illustrated diagrammatically in FIGS. 2 and 3, in which
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elements similar to those of FIG. 1 are mmﬂarly num-
bered. -

In FIG. 2, the outlet of exhaust manifold 32 is illus-
trated as being extended to incorporate the drive tur-
bine 50 of a turbocharger generally indicated at 52. The
turbine is carried on a shaft 54 whichis common {o, and
which carries, two compressor stages 56 and 58. The
compressor 58 is mounted within the intake manifold 22

in conventional manner and 1s driven by turbine 50 at a
relatively high rotational speed to force air or the air-
fuel mixture from the carburetor 24 into the engine
intake. -

Combustion control by prestratification 1s accom-
plished in the turbocharged engine by means of the
exhaust gas prestratification nozzle 42, as before. In
addition, conventional exhaust gas recirculation may
also be provided through EGR port 44. In the turbo-
charged engine, however, the recirculated exhaust gas
is fed to nozzle 42 and port 44 by way of an exhaust gas
recirculation line 60, which feeds exhaust gas through
the compressor stage 56 of the turbocharger 52. The
compressor increases the pressure of the exhaust gas,
which is then fed by way of recirculating lines 62 and 64
to nozzle 42 and port 44, respectively. The exhaust gas
1s thus raised to the pressure required to produce strati-
fication and conventional EGR, in the manner dis-
cussed above, with the nozzle 42 being so located and so
sized as to produce the rate of exhaust gas flow required
and to control the location of the gas in the intake mani-
fold in accordance with the amount of prestratification
desired. As indicated above, the pressure of the pre-

10

18
tion has been set forth for use in a carbureted recipro-
cating piston engine, it will be obvious that such com-
bustion control could also be utilized in other engine
configurations such as rotary, and could be used with
fuel injection. Further, as was discussed previously, the
exact location of the prestratification port 42, the pres-
sure of the exhaust gases required to prestratify the
charge, and hence, the specific size and shape of the

‘exhaust gas prestratification nozzle will vary in re-

sponse to engine configuration and the fuel to be

- burned. Furthermore, while a preferred embodiment of

15

an engine employing combustion control by prestratifi-
cation using exhaust gas has been hereinabove fully and
oompletely disclosed, it will be obvious to one of ordi-
nary skill in the art that a number of changes in, for

- example, the structure of the intake and exhaust mani-

20
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30

stratification gas is slightly higher than the pressure of

the fuel-air mixture in the manifold, so that the pre-

stratification gas is properly positioned in the intake
mantfold.

In another embodiment of the turbocharged engine,
prestratification is obtained without the need for a sepa-

rate exhaust gas compressor stage in the turbocharger.

In this arrangement, the turbocharger 52 includes a
turbine 50 located at the outlet of the exhaust manifold
32 driving by way of shaft 54 a compressor 58 in the
intake manifold. This produces an elevated pressure In
the intake manifold 22 as well as an elevated pressure in
the exhaust manifold 32.

Combustion control by prestratification 1S accom-
plished in this embodiment by means of an exhaust gas
recirculation line 70 which supplies exhaust gas to the
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EGR port 44 and to the prestratification nozzle 42. An-

inlet 72 to the recirculation line 70 is located in the
outlet of the exhaust manifold, upstream of the turbine

50. The desired pressure level for the recirculation line

is maintained in the exhaust manifold by means of a
restricting orifice 74 in the outlet from mainfold 32, the
orifice being located downstream from the inlet 72. The
size of orifice 74 is selected to retain the pressure level
in the recirculation line that is required to produce an
exhaust gas pressure at nozzle 42 that is slightly higher
than the air-fuel pressure within the intake manifold, so
that a pocket of exhaust gas will form in the area of the
intake port, for prestratification pnor to the intake
stroke of the cylinder. Stratification is maintained in the
cylinder during the commpression stroke, as described
above. It will be understood that in order to maintain

this stratification during the intake and compression
65

strokes a cylinder oonﬁguratlon that is designed to cre-
ate swirling and mixing effects is to be avoided.
While the combustion control by prestratification
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using exhaust gas in accordance with the present inven-

folds, the number of engine cylinders, the type of carbu-
retion used and the like could be made without depart-

ing from the true spirit and scope of the invention, and

accordingly it is desired that the invention be limited
only by the following claims:

What is claimed is:

1. A method of controlling detonation in super-
charged internal combustion engines working in the
Otto cycle, to permit use of low octane fuel In such
internal combustion engines having a compression ratio
exceeding the permissible compression ratio of the fuel,
whereby the engine efficiency is improved, comprising:

supplying a charge to the intake manifold of a super-

charged internal combustion engine, said charge
utilizing a fuel having a permissible compression
ratio less than the compression ratio of said engine,
said charge being supplied at a first pressure;
supplying a diluting gas to the intake manifold of the
engine at a location near the intake port of a com-
bustion chamber for the engine, said diluting gas
being at a second pressure which is higher than said
- first pressure to dilute a portion of the charge
within the intake manifold and to thereby pre-
stratify the charge to be delivered to the combus-
tion chamber;

feeding the diluted portion of the charge followed by

 a substantially undiluted portion of the charge to

the combustion chamber while maintaining stratifi-
cation to produce an end gas diluted portion of the
charge within said combustion chamber at a loca-
tion remote from the charge ignitor;
and | |
igniting said charge to. produce a flame front which
moves from the ignition point through said com-
~ bustion chamber to said end gas, the dilution of said
end gas due to prestratification producing a re-
duced temperature in said end gas to prevent deto-
nation. | |

2. The method of claim 1, wherein the ratio of said
second pressure with respect to said first pressure is
between about 1.5 and 3. |

3. The method of claim 1, wherein said diluting gas 1s
recirculated exhaust gas.

4. The method of claim 1, wherein said diluting gas 1s
air. .

5. The method of claim 1, wherein the ratio of said
second pressure with respect to said first pressure 1S
sufﬁoient to produce an end gas that burns without
knock.

6. A method of controlling combustron in a spark

“ignited turbocharged internal combustion engine to

allow the engine to operate knock-free on a fuel having



4,413,593

19

an octane rating lower than that required by the engine
in the absence of saild method of combustion control,
said method comprising: |
compressing by means of a first compressor stage of a
‘turbocharger a charge to be delhivered to a combus-
tion chamber of an internal combustion engine;
introducing said charge into an intake manifold of
said engine; S
compressing by means of a second compressor stage
of a turbocharger a diluent gas;
introducing said compressed diluent gas into said
intake manifold adjacent an intake port for said
combustion chamber, said diluent gas diluting said
charge in a region adjacent said intake port to pre-
stratify said charge;
introducing said prestratified charge into said com-
bustion chamber of the engine upon opening of said
intake port while maintaining the stratification of
said charge, said portion of said charge diluted
with said diluten gas being disposed in said com-
bustion chamber substantially at a location furthest
from a source of ignition;
igniting said charge to cause a flame front to burn
through said charge, said portion of said charge

containing said diluent gas being the last portion of

said charge to burn, said diluent gas being supplied
to said charge in sufficient quantity to prevent said
diluted portion of said charge from prematurely
burning prior to the arrival to said flame front,
whereby incipient detonation is prevented.

7. A method of controlling combustion in a spark
ignition, turbocharged, internal combustion engine to
operate said engine at a high efﬁcwncy on a low octane
fuel without detonating, said low octane fuel havmg a
permissible compression ratio less than the compression
ratio of said engine, said method of control comprising
the steps of:

delivering by means of a turbocharger COmpressor

stage a charge to an intake manifold portion of said
engine at a first temperature controlling parameter;
diluting a portion of said charge adjacent an intake

port portion of said intake manifold by addition of
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a diluent gas at a second temperature-controlling 43

parameter to prestratify said charge in said intake
mantfold while said intake valve 1s closed;

opening said intake port to receive said prestratified
charge mto a cylinder of said engine while main-
taining stratification thereof, said diluted portion of
said charge being the first to enter said cylinder and
being disposed further from the charge lgmter n
said cylinder;

igniting said charge to cause a flame front to burn

through said charge, said diluted portion of said
charge being prevented from spontaneously com-
busting by the addition of a sufficient amount of
diluent gas whereby incipient detonation is pre-
vented and the engine is caused to operate with
increased efficiency on low octane fuel.

8. The method of claim 7, wherein said first tempera-
ture controlling parameter is a first pressure, and said
second temperature controlling parameter 1s a second
pressure, said second pressure being greater than said
first pressure. .

9. The method of claim 7, wherein said first tempera—
ture controlling parameter is a first volume, and said
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second temperature controlling parameter is a second
volume which displaces a portion of said first volume.

10. A method of controlling combustion in a spark
ignition, turbocharged, internal combustion engine, said
engine including a cylinder in which is reciprocably
carried a piston, an intake manifold having an intake

valve for delivering a combustible fuel and air mixture

to said cylinder at a first pressure, an exhaust manifold
having an exhaust valve for removing exhaust gas from
sald cylinder, a turbocharger having a turbine driven by
sald exhaust gas and a compressor driven by said tur-
bine, said compressor supplying said fuel and air mix-
ture to said intake manifold, and a spark plug for ignit-
ing said fuel and air mixture in said cyhnder, the control
of combustion 1n said engine being accomplished by the
steps of:
supplying a portion of said exhaust gas to said intake
manifold adjacent said intake valve at a second
pressure which is higher than said first pressure to
prestratify said fuel and air mixture in said intake
manifold;
transferring said prestratified fuel and air mixture and
exhaust gas to said cylinder upon opening of said
intake valve, said mixture being received in said
cylinder in its stratified form; and
igniting said mixture in said cylinder to cause a flame
front to combust said mixture in a controlled man-
ner whereby incipient detonation of the portions of
saidd mixture at a location away from said spark
plug is controlled.
11. The method of claim 10, wherein the step of sup-
plying a portion of said exhaust gas to said intake mani-
fold at a second pressure includes a compressing said
portion of said exhaust gas in a second compressor
driven by said turbine and delivering said compressed
exhaust gas to a prestratification nozzle having an outlet
located within said intake manifold adjacent said intake
valve.

12. The method of claim 10, wherein the step of sup-
plying a portion of said exhaust gas to said intake mani-
fold at a second pressure includes restricting the flow of
exhaust gas from said exhaust manifold upstream of said
turbine to increase the pressure thereof, and recirculat-
ing a portion of said increased-pressure exhaust gas
through a prestratification nozzle having an outlet lo-
cated within said intake manifold adjacent said intake
valve. |

13. A method of operating a turbocharged internal
combustion engine working in the Otto cycle to permit
the use of fuels having a permissible compression ratio
less than the compression ratio of the engine, the im-
provement which comprises:
delivering to the combustion chamber of said engine

a prestratified charge having a first diluted portion

differing in composition from a second relatively

undiluted portion, said charge having a pressure P,

in the absence of any dilution at a given power

level of said engine said diluted portion being
formed by the addition of diluent gas to increase
the manifold pressure to a pressure P,*, said charge
being delivered to said combustion chamber while
maintaining the prestratification of said portions so
that said first diluted portion is delivered to a point

in said combustion chamber remote from the spark
ignitor thereof, the pressure of said first diluted
portion being increased by the introduction of the
diluent by the ratio of P,*/P, defined as:
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CR* (g/C,T,)
(PCR) —dem 1

o (A )
=+ 1
F PCR

where CR* is the prestratification controlled com-
pression ratio for the fuel; npcr is the engine effi-
ciency without prestratification; (A/F)pcr 1s the
air fuel ratio without prestratification; T, the mani-
fold inlet temperature; C, is the heat capacity at
constant volume for combustion, q the heating
value of the fuel; PCR is the permissible compres-
sion ratio without prestratification; n* 1s the engine
efficiency with prestratification, and 7 is the ratio
of specific heat at constant pressure to the specific
heat at constant volume, and wherein the ratio
P,*/P,is caused to be substantially larger than 1.1,
whereby the temperature rise of said first diluted
portion during compression and combustion 1s
caused to be insufficient to produce knock.

14. A prestratified charge for a working cylinder of a

Py* MNPCR

P, — m*(4/F)pcRr

turbocharged internal combustion engine operating on
the Otto cycle, said charge enabling the engine to oper-
ate with a fuel having a permissible compression ratio

less than the compression ratio of the engine, the charge
comprising:

a first substantially undiluted portion having a pres-
sure P, at a given power level of the engine,

a second diluted portion differing in composition
from said first portion by the addition of a diluent
gas supplied to increase the manifold pressure to
P,*, said second portion forming a region of diluent
charge to produce a prestratification of the charge,
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the pressur'e of said diluted portion being increased
by the addition of diluent gas by the ratio P,*/P,
defined as

___MPCR
— n*(A/F)pcr
CR* (q/C,T)) _
— e Y Y
[(PRC) vIo, (A/F + DpcR + (PCR) (CRY) :I

where CR* 1s the prestratification controlled com-
pression ratio for the fuel, npcr is the engine effi-
ciency without prestratification; PCR is the per-
missible compression ratio without prestratifica-
tion, A/F the air fuel ratio without prestratifica-
tion, C, the heat capacity of the combustion mix-
ture at constant volume; q the heating value of the
fuel; T, the cylinder inlet or manifold temperature;
7n* is the engine efficiency with prestratification;
and vy is the ratio of specific heat at constant pres-
sure to the specific heat at constant volume, and
wherein the ratio P,*/P, is caused to be substan-
tially larger than 1.1, whereby the engine will oper-

ate on said charge without knock.
* %k % % *
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